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CSeflectivity and transmission of amorphous thin films at the melting 
temperature 
J. Solis and C. N. Afonso 
Instituto de Optica, CSIC, C/Serrano 121, 28006 Madrid, Spain 
(Received 13 December 1991; accepted for publication 28 May 1992) 
A method to evaluate the evolution of the optical properties (reflectivity and transmission) of 
thin solid films as a function of temperature has been developed. A pulsed Ar’ laser focused on 
the sample surface to a l/e-beam radius of 4 pm is used as a local heat source while the optical 
properties of the irradiated surface are monitored in real time by means of another laser focused 
to 1.7 pm. The use of laser pulses combined with real time optical measurements provides a 
suitable means to determine accurately the optical properties of thin-film materials for 
temperatures up to the melting point. In addition, the irradiation pulse can be sufficiently 
shortened to avoid crystallization prior to melting in the case of amorphous films and therefore 
the optical properties of amorphous films up to the melting point can be also determined. The 
analysis of the optical transients with a simple thermal model allows either the determination of 
the thermal conductivity of a transparent substrate if the film melting temperature is known or 
the film melting temperature if the thermal properties of the substrate are well characterized. 
The results obtained in Ge and Si amorphous thin films prove the accuracy of the method and 
the melting temperature of amorphous Ge is determined to be 987 K. 
1. INTRODUCTION 
An accurate knowledge of the optical properties of 
both bulk- and thin-film semiconducting materials at high 
temperatures is important for many applications and espe- 
cially for those related to laser annealing. In particular, the 
use of finite difference heat flow calculations of pulsed laser 
annealing of materials requires accurate values of the tem- 
perature evolution of the reflectivity and the absorption as 
input parameters. The determination of such evolution is 
usually di5cult and involves the use of different techniques 
such as polarization modulated ellipsometry,‘-3 time- 
resolved ellipsometry,4 or pseudo-Brewster angle-based 
methods.5 In the case of amorphous materials, the deter- 
mination of the temperature dependence of the optical 
properties is especially complex because long-time high- 
temperature procedures will lead to structural transforma- 
tions in the samples for temperatures well below the melt- 
ing point. If thin-film materials are involved then 
additional difficulties arise from the presence of both opti- 
cal and thermal coupling between the film and the sub- 
strate. This coupling strongly influences the surface dam- 
age thresholds6 and the cooling rates achieved upon pulsed 
laser irradiation.7 
In this work we present results of real-time optical 
measurements obtained during the irradiation of Si and Ge 
amorphous thin films with 50 ps Arf laser pulses. This 
pulse length is long enough to neglect the time required for 
heat transfer from the film to the substrate and therefore to 
neglect thermal gradients in the film thickness during the 
energy deposition process. At the same time, the selected 
pulse length is also short enough to avoid the crystalliza- 
tion of the films prior to melting. The results are analyzed 
with a simple thermal model that allows a very accurate 
determination of the evolution of both the reflectivity and 
the transmission of the film as a function of temperature up 
to the melting point, providing a method to determine 
straightforwardly either the thermal conductivity of the 
substrate or the film melting temperature. The result for 
the melting temperature of amorphous Ge is in excellent 
agreement with previous estimations based on thermody- 
namical analyses. 
II. EXPERIMENT 
The experimental setup used to perform the irradia- 
tions and real-time optical measurements has been exten- 
sively described elsewhere.8 The irradiations are performed 
by means of an Ar+ laser (all lines) pulsed to 50 ps and 
focused on the sample surface to a l/e-beam radius of 4 
pm. A HeNe laser pulsed to 300 ys, 0.1 mW, and focused 
on the center of the irradiated region to a l/e-beam radius 
of 1.7 pm allows real-time monitoring of the reflectivity 
and the transmission changes induced by the irradiation 
pulse. 
In this work we have used 64 f 1-nm-thick Si films and 
5Oh 1-nm-thick Ge tllms both grown on glass substrates. 
The films are grown in a dc magnetron sputtering system 
using Si and Ge targets (99.999% ) . The residual pressure 
of the system is 3 x low6 Torr and the operating Ar pres- 
sure is 4~ lOA Torr. The deposition rates are 0.19 and 
0.27 nm s-t for Si and Ge films, respectively. The as- 
deposited films were characterized by transmission elec- 
tron microscopy, electron diffraction, and energy disper- 
sive x-ray analysis in a Phillips EM420 electron 
microscope. The Si7 and Geg films are amorphous with no 
appreciable traces of impurities. The substrates are com- 
mercial glass slides provided by Superior (Germany) with 
a refractive index at 632.8 nm of 1.5 and unknown thermal 
conductivity. Previous works both on laser-induced mixing 
of Ge-based multilayers” and on laser treatment of amor- 
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FIG. 1. Real-time reflectivity (a) and transmission measurements (b) 
obtained in amorphous Si fiIms on glass under irradiation with powers of 
14(l), 12(2), and lO(3) mW. The irradiation pulse is also included. 
phous Si films’ and using the same substrates allow one to 
discard any reaction between the films and the substrate. 
Si films are irradiated with powers ranging from 2 to 
24 mW, whereas Ge films are irradiated with powers in the 
3-14 mW interval. The sample is moved to a new position 
after each irradiation. The topography of the irradiated 
regions is analyzed by means of interference optical mi- 
croscopy and scanning electron microscopy (SEM) . 
Ill. RESULTS 
Figure 1 shows the evolution of the reflectivity (R) 
and the transmission (Tr) of Si films irradiated with low- 
power 50 ps pulses. It can be seen that for powers below a 
threshold (P< 14 mW), the irradiation pulse induces a 
smooth and continuous reflectivity increase [Fig. 1 (a)]. 
The reflectivity reaches a maximum at the end of the irra- 
diation pulse and decreases afterwards, reaching an equi- 
librium value equal to the initial value. Within this power 
regime, the transmission changes behave symmetrically 
with respect to the reflectivity ones as evidenced in Fig. 
1 (b). The maximum (minimum) value of the reflectivity 
(transmission) transient increases (decreases) monotoni- 
cally with the irradiation pulse power. If the same region is 
irradiated with more than one laser pulse, the optical 
changes are reproducible independently of the number of 
laser shots. The irradiated regions show no appreciable 
topography contrast when examined both by SEM and by 
interference optical microscopy. 
Figure 2 shows a typical example of the reflectivity and 
transmission evolution of Si films for powers above 14 mW. 
Reflectivity [Fig. 2(a)] initially increases as in the low 
power regime. However, the transient reflectivity maxi- 
FIG. 2. Real-time reflectivity (a) and transmission measurements (b) 
obtained in amorphous Si films on glass under irradiation with 20 mW 
pulses. The irradiation pulse is also included. A and B denote, respec- 
tively, the melt and the cooling onset. 
mum is now reached while the irradiation pulse is still 
impinging on the sample and is followed by a sharp, almost 
vertical decrease (A). Subsequently, the reflectivity in- 
creases slightly and falls again (B) at the end of the irra- 
diation pulse. The fmal reflectivity level is now lower than 
the initial one. The initial reflectivity increase is accompa- 
nied by a decrease in transmission [Fig. 2(b)]. However, 
the symmetric character in the behavior of R and Tr is 
broken when the reflectivity decreases abruptly (A) since 
the transmission shows also. an abrupt descending step. 
Transmission continues to decrease until the end of the 
irradiation pulse (B) and increases then up to a final value 
lower than the initial one. The temporal position of the 
inflections (A) and (B) is the same in the R and Tr tran- 
sients for a given power. When the irradiated regions are 
observed by SEM or interference optical microscopy, the 
irradiated regions exhibit a dome-like form. 
The temporal position of the sharp step in R and Tr 
(A in Fig. 2) is a decreasing function of power while the 
reflectivity and the transmission values immediately before 
the step are constant. Let us define the normalized reflec- 
tivity and transmission changes as 
ATr= (Tc,- Trmin)/Trin , 
ATr(A) = [ Tri,- Tr(A)]/Tri, , 
where Ri, is the initial reflectivity level, Tri, is the initial 
transmission level, R,,, is the maximum transient reflec- 
tivity level, Trmi, is the minimum transient transmission 
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FIG. 3. Normalized reflectivity (a) maximum values (0) and transmis- 
sion (b) minimum values (A) as a function of the pulse power for 
amorphous Si films. The normalized transmission values immediately be- 
fore the step [AZ?(A)@] are also included. The bars denote average 
values. 
level, and R(A) is the transmission level immediately be- 
fore the step A being RinE0.32 and Trin=O.15 for our Si 
fihllS. 
Figure 3 shows the normalized transient reflectivity 
[Fig. 3(a)] and transmission Fig. 3(b)] changes as a func- 
tion of power. For powers below 14 mW, both AR and 
ATr are directly proportional to the irradiation power. 
Above this threshold AR reaches a saturation value while 
ATr suffers a clear discontinuity and ATr(A) remains 
constant within experimental error. 
A systematic series of irradiations with 50 ys laser 
pulses on amorphous Ge films were also performed. The 
optical transients are qualitatively similar to those de- 
scribed above for Si films but the change of regime takes 
place at 9.3 mW. The results obtained are illustrated in 
Fig. 4 where the normalized transient transmission 
changes are plotted. 
IV. DISCUSSION 
A. Optical transients and melting threshold 
The results obtained in Si films show that for powers 
lower than 14 mW, the reflectivity and transmission levels 
before and after the irradiation are equal. This fact to- 
gether with the reproducibility of the induced transient 
processes independently of the number of laser shots 
clearly show that the changes in R and Tr for powers 
below 14 mW are caused by a purely thermal process that 
involves no microstructural changes. For the Si film thick- 
ness used, crystallization should be accompanied by a non- 
reversible reflectivity increase.’ The lack of distinct fea- 
%o 1111 I 1 1 1 1 
0 
Pulse Power’~mW) ’ 
FIG. 4. Normalized transmission minimum values (AD,m) and trans- 
mission values immediately before the step [AZ?(A),81 as a function of 
the pulse power for the amorphous Ge films. The bars denote average 
values. 
tures in the reflectivity transientst’ further confirms this 
conclusion. Surfaces irradiated with powers above this 
threshold show an irreversible reflectivity change [Fig. 
2(a)] together with a clear hemispherical topography. 
These features clearly evidence that surface melting has 
taken place”‘12 and therefore we may conclude that 14 
mW is the power required to bring the solid material to the 
melting temperature in the present experimental condi- 
tions. This threshold would be different if other beam di- 
ameter, pulse length, film thickness, or substrates were 
used. 
The liquid phase of both Ge and Si presents a metallic 
character8*13 and therefore a dramatic change in the refrac- 
tive index (n) and the absorption coefficient (k) at the 
solid-liquid transition is expected. Melting should be then 
evidenced in the optical transients by a strong reflectivity 
increase (transmission decrease). However the solid-liquid 
transition may be also accompanied by topography 
changes that cause the surface of the liquid phase to be no 
longer flat. The amount of light reflected towards the sur- 
face normal is then strongly reduced. In such case the melt 
onset is evidenced in the reflectivity transients by an abrupt 
decrease whereas the transmission transients behave nor- 
mally, i.e., melting is evidenced by a transmission decrease 
since transmission is not surface sensitive and the molten 
phase is metallic. This behavior has been widely reported 
during the irradiation of semiconducting films with focused 
(Gaussian) laser beams1’~‘2 and is the one that we observe 
in the transients for powers above the melting threshold [A 
in Fig. 2(a)]. Once the topography has changed, the re- 
flectivity increases as the lateral extension of melted mate- 
rial increases due to metallic character of the liquid 
phase.8*111’2 Upon solidification, reflectivity decreases again 
since the metallic liquid phase disappears. 
The discontinuity observed in ATr for P=: 14 mW and 
the constant value of the transmission level ‘immediately 
before the sharp descending step further support the pre- 
vious reasoning. This constant value, which is 17% lower 
than the initial one, corresponds to the transmission level 
of the solid material at the melting temperature. The pres- 
ence of a metallic liquid phase induces a strong decrease in 
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the material transmission [A in Fig. 2(b)] since transmis- 
sion is not topography sensitive. Once the material melts 
the transmission decreases further as the lateral extension 
of melted material increases.87’2 Finally, after the energy 
deposition is over, the material cools down and solidifies. 
The solidified material is not completely amorphous and 
therefore the transmission level is lower than the initial 
one.’ 
The transients obtained in the Ge frhns are in agree- 
ment with the previous discussion. Therefore, 9.3 mW is 
the melting threshold in the present experimental condi- 
tions and the transmission of the solid amorphous material 
at the melting temperature is 12% lower than its transmis- 
sion at room temperature. 
6. Thermal properties of the substrate and melting 
temperature of amorphous Ge 
We will now focus the discussion on the reflectivity 
and the transmission transients induced in the low-power 
regime by reversible heating of the material. The results 
will be analyzed in the framework of a simple thermal 
model which will allow us to determine the temperature 
evolution during the transient process and the substrate 
thermal conductivity. 
The temperature change AT at the center of a pulsed 
Gaussian heat source with e-i radius of r. on the surface of 
a half-infinite medium, switched on at time t=O and with 
a pulse length to is given by1&17 
AT(r=O,z=O,t) =&T arctan (1) 
and 
AT(r=O,z=O,t) 
=& arctan ( 
Jst- lpyc$ 
r” 2 fit @(Z&F+2 ) 
G-to 7 
where z=O corresponds to the sample surface and k and D 
are the thermal conductivity and diffusivity of the substrate 
(D=k/pC,, where p is the density and CP is the specific 
heat). 
The model is valid if we assume that the absorptance- 
and the thermal conductivity are independent of tempera- 
ture. The equation accounts for radial heat diffusion ef- 
fects. In our case, the power absorbed by the medium is 
P=P#, where Pp is the incident pulse power and A is the 
film absorptance since the absorption in the transparent 
substrate is negligible. Deviations caused by the finite film 
thickness are negligible” for times t> t,=h”/D,, where D1 
is the film thermal diffusivity and h is the film thickness. In 
our case, with a thermal diffusivity of ~0.2 cm2/s for 
amorphous Si,18 tl z 2 ns, which is much smaller than the 
pulse length (50 ps) . Since r. (4 pm,) Nh ( zz 50-60 nm), 
the radial diffusion effects in the film are also negligible.” 
If t,AT, A, Pp ro, CP, and p are known, Eq. ( 1) yields 
to implicit transcendental equation for the thermal conduc- 
tivity of the substrate, li: o 
TABLE I. Optical and thermal parameters used to calculate the surface 
temperature evolution, the thermal conductivity of the substrate, the 
melting temperature of amorphous Ge, and the temperature dependence 
of the reflectivity and the transmission of Ge and Si fihns. The absorp- 
tance of the films was determined by a numerical simulation using the 
optical constants and thicknesses of the films shown also in the table. 
a-Si a-Ge 
Time, t (,us) 50.0 50.0 
Substrate density, p (g/cm3) 2,32a 2,32= 
Substrate specific heat, Cr, (J/g K) 0.131L 0.13? 
Film thickness, /r (nm) 64.0 50.0 
e-t beam radius, rc (pm) 4.0 4.0 
Refraction index at 488 nm n 4.47b 4.193= 
Extinction coefficient at 488 nm, K 0.969b 2.502” 
Refraction index at 514 nm, n 4.46b 4.24’ 
Extinction coefficient at 514 nm, K 1.22b 2.42’ 
Fihn absorptance at 488 and 5 14 nm, A 0.53 0.487 
Melting temperature, T, (K) 1420.0d 965.0d 
‘CRC Handbook of Materials Science, edited by Ch. T. Lynch (CRC, 
Boca Raton, FL, 1980). 
bHandbook of Optical Constants of Solids, edited by E. D. Palik (Aca- 
demic, Orlando, FL, 1985). 
7. C G. de Sande, C N. Afonso, J. L. Escudero, R. Serna, F. Catalina, 
and E. E. Bemabeu, Appl. Opt. (in press). 
dE. P. Donovan, F. Spaepen, D. Turnbull, J. M. Poate, and D. C. Jacob- 
son, J. Appl. Phys. 57, 795 (1985). 
C,k=tan2(C2k>, 
where 
CI=4t/(pC, r i) and C2=ATd’2rd(P,A). 
(2) 
From the results in the previous section it is known 
that the power required to bring the surface of an amor- 
phous Si film to the melting temperature at the end of the 
irradiation pulse is Pp= 14 mW. The temperature increase 
at that time- (t=50 ps) is therefore AT=T,-T, (T, 
= 1420 K, melting temperature of amorphous Si2’ and T, 
= 29 1 K, room temperature, 18 “C). These values together 
with the ones shown in Table I as the input parameters in 
Eq. (2) lead to a value for the thermal conductivity of the 
substrate of k=0.00281 W cm-’ K-i. 
Since both the Si and the Ge films were grown on the 
same substrates we can combine the power melting thresh- 
old obtained from the optical transients in Ge with the 
obtained value of k to calculate the temperature increase at 
the end of a 9.3 mW, 50 ps laser pulse and therefore cal- 
culate the temperature increase needed to induce melting 
in an amorphous Ge film. The value obtained is AT=696 
K, that is equivalent to a melting temperature for amor- 
phous Ge of T,=987 K. This value is in excellent agree- 
ment with the commonly accepted value obtained from 
estimations on thermodynamic basis,20 T,=965 K, and 
shows both that the initial hypothesis (constant thermal 
conductivity and absorptance) are correct in a very good 
approximation and that the calculated value of the thermal 
conductivity of the substrate is very accurate. 
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C. Temperature dependence of R and Tr 
In the previous section we have established the validity 
of the thermal model employed. The combination of the 
experimental optical transients with the temperature evo- 
lution calculated with the model allows a numerical deter- 
mination of the evolution of both the reflectivity and the 
transmission of the films as a function of temperature in a 
general case. 
For the Si and Ge samples used, the maximum tran- 
sient reflectivity and the minimum transient transmission 
are linear functions of the incident pulse power, for powers 
below the melting threshold (see Figs. 3 and 4). In addi- 
tion, this maximum (minimum) occurs at the end of the 
irradiation pulse which is the time at which the tempera- 
ture reaches also its maximum value for a given power 
according to Eq. ( 1). Since the maximum temperature is 
also a linear function of power [see lZq. (l)], it is obvious 
to conclude that the reflectivity and the transmission of the 
Si and Ge samples used are linear functions of tempera- 
ture, for temperatures below the melting point. Therefore, 
an analytical expression for the temperature dependence of 
the reflectivity and the transmission can be given in this 
case. For each power up to the melting threshold in Figs. 3 
and 4, the temperature can be easily calculated using Eq. 
( 1) and making t equal to the pulselength (to = 50 ps ) . The 
obtained temperature dependence of the reflectivity and 
the transmission of amorphous 64-nm-thick Si and 50-nm- 
thick Ge films at 632.8 nm is 
R(Si,T)=R(Si,Ta)[1~+1.40X10-4(T-TTa)], (3) 
Tr(Si,T)=Tr(Si,Ta)[l-l.44X10-4(T-~Ta)], (4) 
Tr(Ge,T)=Tr(Ge,Ta)[l-l.72~10-~(T-7’~)], (5) 
where Ta=291 K (room temperature), R(Si,Tu) =0.32, 
Tr(Si,Ta) =0.15, and Tr(Ge,Ta) =O.l. 
The linear behavior is not surprising. It has been re- 
ported for both amorphous Ge’ and crystalline Si,3 a tem- 
perature dependence of n(/Z> and k(il) in the form 
$(A)-exp(T/Te), [S,(d) and To constant values]. It is 
relatively easy to show3 that such behavior of n and k 
results, to a good approximation, in a linear dependence of 
the reflectivity and the transmission on the temperature315. 
In Fig. 5 we have plotted the experimental evolution of 
the reflectivity of a Si film irradiated with a 12 mW, 50 ,us 
laser pulse together with the theoretical evolution calcu- 
lated from Eqs. ( 1) and (3). The theoretical fit is in ex- 
cellent agreement with the experimental results. The small 
deviation observed after the end of the irradiation pulse is 
probably related to a heating effect caused by the probe 
beam. Using the same thermal model employed in the dis- 
cussion, it can be shown that maximum temperature in- 
crease induced in the sample surface at the end of the probe 
pulse is lower than 20 K. This temperature increase be- 
comes important only when the irradiation pulse effect has 
finished and the material approaches room temperature. 
It is worth noting that assuming that R + Tr+A = 1, 
we may obtain from Eqs. (3) and (4) the temperature 
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FIG. 5. Experimental (solid line) and calculated evolution (0) of the 
reflectivity change, referred to the initial value (RJ, of an amorphous Si 
film upon irradiation with 12 mW pulse. In order to ease the comparison 
of both curves only one of every ten calculated points has been plotted. 
dependence of the absorptance of the amorphous 
thick Si films at 632.8 nm: 
64-nm- 
A(Si,T) =0.537-2.32x 10m5( T- Ta), (6) 
which shows a variation from room temperature to the 
melting point lower than 5% and confirms again that the 
approximation of constant absorptance for the calculations 
is quite correct. The simple thermal model used can be 
combined with real time optical transients to obtain also 
the evolution with temperature of the optical properties of 
thin-film materials even when they exhibit a nonconstant 
absorptance. The absorptance change as a function of time 
can be calculated from the reflectivity and transmission 
transients as A (t) = 1 -R (t) - Tr( t) . Equation ( 1) can be 
then used to calculate the temperature increase in those 
time intervals in which the absorptance changes are lower 
than a fixed value ( 5%, for instance). The final result leads 
again to an accurate determination of the evolution of the 
reflectivity, the transmission, and the absorptance as a 
function of temperature. 
V. CONCLUSIONS 
A simple method to evaluate the evolution of the op- 
tical properties of amorphous thin films as a function of 
temperature has been developed. The reflectivity and trans- 
mission of amorphous Si and Ge films for temperatures up 
to the melting point have been determined. In addition, 
this method allows one to evaluate straightforwardly the 
thermal conductivity of a transparent substrate if the thin- 
film melting point is known or the melting point of the 
material if the substrate is well characterized. The melting 
temperature of amorphous Ge has been determined to be 
987 K. 
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